Reactive oxygen species (ROS) typically produce in algae and act as secondary messengers in numerous cellular processes. Under abiotic stresses, the balance between production and suppression of ROS disappears and causes increase of ROS. Increasing excessive ROS can cause damage to various cellular components comprising cell membranes, proteins and lipids. Algae have an antioxidant defense system to overcome on oxidative damage. Antioxidant defense mechanisms are of two types, namely enzymatic and non-enzymatic antioxidants. The enzymatic antioxidants include superoxide dismutase, catalase, ascorbate peroxidase and glutathione reductase. The non-enzymatic antioxidants include carotenoids, tocopherol, ascorbic acid, glutathione, flavonoids and phenolic compounds. In this review, we describe the various types of ROS and their production, and antioxidant defense mechanisms for ROS suppression.
Introduction
Algae are autotroph organisms that use light and inorganic nutrients. These organisms have valuable compounds include polyunsaturated fatty acids (PUFA), carotenoids, phycobiliproteins, polysaccharides and phycotoxins [1] . Algae exist in dry and aquatic environments, and some have nutritional value and are used as food, and other some have biodiesel application [2] . Aerobic organisms use oxygen to breathe their energy. Electron leak in the electron chains in the plasma membrane, mitochondria, and chloroplasts produce reactive oxygen species (ROS) [3, 4] .
ROS is very harmful at high concentrations and lead to oxidative damage. Abiotic stresses cause oxidative stress through excessive production of ROS. ROS can react with biomolecules and inactivate or change them and cause to organelle dysfunction, alteration in cell structure and mutagenesis. Algae have antioxidant defense systems for cope on the harmful effects of ROS and maintain them under oxidative stress [5] [6] [7] .
ROS act as a secondary messenger in biological processes such as response to environmental stresses. The balance between production and suppression of ROS determines its role. Control the level of ROS is vital due to the multifunctional role of ROS for avoid any oxidative damage and not to remove them completely. Antioxidative system including the non-enzymatic and enzymatic antioxidants causes ROS detoxification [8, 9] .
The present review focused on kinds of ROS, their site of creation, and their role as messenger and inducer of oxidative stress. Further, role of Antioxidative defense system in combating damage posed by overproduced ROS under stresses has been illuminated in detail.
Generation of reactive oxygen species
ROS generate in chloroplasts, peroxisomes, cytosol, and mitochondria and are as a by-product of respiration. ROS are produced in thylakoid membranes when the absorption of light is more than the requirement of photosynthetic apparatus. Photosystem I (Psi) is the most main source of ROS production due to the completion of the electron transfer in the thylakoid membrane on its stromal side. PSII caused ROS production when the excitation energy delivery to the PSII reaction center and the electron transport chain between the photosystems limited. ROS activity depends on its type and reaction conditions. For example HO* has a very high chemical activity and is able to oxidize the most organic molecules and H 2 O 2 has moderate activity. The ROS activity decreases in the order HO
environments [10, 11] . 
Singlet oxygen

Oxidative damage
Imbalance between pro-oxidant and antioxidant homeostasis augmented ROS and oxidative damage. ROS disrupt cell function by lipid peroxidation, oxidizing proteins and damaging nucleic acids ( Fig. 1 ).
Lipid peroxidation
Lipids, as the key components of the membrane, are the primary goal of the ROS and lead to lipid peroxidation by removing hydrogen from the unsaturated chain of fatty acids. Therefore, lipid peroxidation determinates cellular harmful in living organism under oxidative stress. Lipid peroxidation produced wide types of cytotoxic products from polyunsaturated acids such as malondialdehyde (MDA) and aldehydes. MDA is an identifier for oxidative hurt. Chloroplasts have a composite system of membranes rich of polyunsaturated fatty acids in algae, which are main targets for peroxidation [17, 18] .
Protein oxidation
ROS cause amino acids oxidation, change of electrical charge of proteins, breakup of peptide chain, cross-linking of proteins and increase susceptibility to proteolysis by proteases. Proteins have sulfur comprising amino acids or thiol groups are the target of ROS. Cysteine and methionine residues are mainly more susceptible to oxidation. Oxidation of methionine residues or sulfhydryl groups lead to conformational alternations, unfolding and degradation proteins. ROS generated disulfide bonds between sulfur-containing amino acids and destroyed the function and structure of proteins. Oxidized proteins lead cellular dysfunction making their deletion necessary. They are normally recognized and degraded by proteasomal complexes. If oxidized proteins are not removed, they collected and change the cell function [19, 20] .
DNA oxidation
Hydroxyl radicals attack to the base and saccharide in DNA and cause saccharide fragmentation and strand breaks. Strand break are more destructive and lethal than base damage in cells. ROS cause alteration in DNA bases for example thymine and guanine residues in Fig. 1 . Reactive oxygen species (ROS) induce oxidative damage to proteins, lipids and DNA [48] .
Toxicology Reports 6 (2019) [1309] [1310] [1311] [1312] [1313] DNA can be hydroxylated or degraded. Oxidation of thymine residues stop replication by DNA polymerase and transcription by RNA polymerase [21, 22] .
Antioxidative defense system in algae
Algae applied two defensive strategies for cope on ROS before they can damage to cellular difference components (Fig. 2) . The first system comprise antioxidant enzymes (high molecular weight) such as superoxide dismutases, glutathione reductase, catalases, ascorbate peroxidase and non-enzymatic (low molecular weight) that comprise ascorbate, flavonoids, carotenoids, glutathione, tocopherols and phenols. The second mechanism is repair enzymes that repair and remove da- 4.1. Enzymatic components of antioxidative defense system 4.1.1. Superoxide dismutase Superoxide dismutase (SOD) is a metalloprotein and first line of defense against oxidative stress that catalyzes the dismutation of superoxide radicals into oxygen and hydrogen peroxide. SOD include three isoforms that determined by their metal center cofactors: Cu/ ZnSOD found in the thylakoid membranes and cytosol of higher plants, certain dinoflagellates and charophycean green algae, MnSOD located in mitochondria, and FeSOD found in the chloroplast stroma. The SOD activity enhanced by abiotic stresses and acts a defense tool [26] [27] [28] .
Catalase
Catalase (CAT) is tetrameric enzyme contain heme that has a main role to convert H 2 [29] .
Ascorbate peroxidase
Ascorbate peroxidase (APX) is a heme enzyme and converts the H 2 O 2 into H 2 O through ascorbate as electron donor. APX is existed in plants and algae. Two cytosolic APX (cAPX) isoenzymes have been showed in the red algae Galdieria partita and G. sulphuraria [30, 31] .
Glutathione reductase and glutathione peroxidase
Glutathione reductase (GR) is a flavoprotein oxidoreductase that exists in eukaryotes and prokaryotes. GR is a great enzyme of the ascorbate-glutathione cycle and have a necessary function in defense system against ROS by maintain the reduced status of GSH. Like Ascorbate peroxidase, Glutathione peroxidase decomposes H 2 O 2 to H 2 O by GSH [32, 33] .
Nonenzymatic components of antioxidative defense system
Glutathione
The Tripeptide glutathione is the major low molecular weight thiol and formed of glutamate, cysteine and glycine. Reduced glutathione by oxidizing itself into oxidized glutathione via ascorbate-glutathione cycle causes the regeneration of ascorbate. Glutathione involves in M. Rezayian, et al.
Toxicology Reports 6 (2019) [1309] [1310] [1311] [1312] [1313] adjust redox potential for amino acids and proteins, scavenging oxidative damage, non-specific reductant, substrate/cofactor for enzymecatalyzed reactions, reconstruction of protein disulfide bonds and suppression of H 2 O 2 and organic peroxides (ROOH) [34, 35] .
Ascorbate
Ascorbic acid (ascorbate, vitamin C) is a water-soluble antioxidant that acts as substrate for ascorbate peroxidase, electron donor for • OH radical, good scavenger, reducing antioxidant and donating its electrons to ROS. Ascorbate suppresses H 2 O 2 thought ascorbate-glutathione cycle. [36] .
Carotenoids
Carotenoids are isoprenoid and lipophilic compounds and are colored yellow, orange or red that 750 kinds of carotenoid are exist in plants and microorganisms. Carotenoids include carotenes such as lycopene, α-carotene and β-carotene, and xanthophylls with oxygen as hydroxyl groups (e.g. lutein), as oxy-groups (e.g. canthaxanthin) or as a combination of both of them (e.g. astaxanthin). Some of xanthophylls (violaxanthin, antheraxanthin, zeaxanthin, neoxanthin, lutein, loroxanthin, astaxanthin and canthaxanthin) produced by microalgae whereas others (diatoxanthin, diadinoxanthin and fucoxanthin) also synthesized by brown algae. Carotenoids have antioxidant characterizes and cause maintain of cells against free radicals, inhibition of lipid peroxidation, increase the stability of the photosynthetic apparatus and protection of integrity membranes [37] [38] [39] .
Tocopherols
Tocopherols (vitamin E) have an aromatic ring and a long hydrocarbon chain. Tocopherols play in oxidationreduction reactions by the aromatic ring. Tocopherols destroy reactive types of oxygen and protect unsaturated fatty acids from oxidation. Among the four tocopherols (α-, β, ϒ and ϐ-tocopherols), α-tocopherol is a key antioxidant because it can suppress 1 O 2 , reduce O 2 . − and finish lipid peroxidation reaction [40] .
Phenolic compounds
Phenolic compounds include more than 8000 compounds and divided into 10 various groups according to their chemical structure. Phenolic compounds are as main natural antioxidants through single electron transfer and hydrogen atom transfer. Many studies showed that the phenolic content in microalgae is lower than or equal to the minimum amounts founded in terrestrial plants. Also, types of flavonoids, such as isoflavones, flavanones, flavonols, and dihydrochalcones produced in microalgae. Microalgae synthesized complex phenolic compounds, so identify of phenolic compounds are required in microalgae. Marine algae have many polyphenols such as phlorotannins that have antioxidant activities. Phenolic are involved in defense mechanisms against environmental stresses [41] [42] [43] .
ROS signaling
ROS in low concentration have significant roles in the defense against infection, the cell signaling and the apoptosis. O 2 − , OH ˖ and H 2 O 2 have more signaling capacity because they can transfer of membranes via aquaporins [44] . The transduction of H 2 O 2 -based signals is centered on sulfur chemistry, with the main player being the reversible oxidative modification of cellular sulfur-containing groups (e.g., cysteine residues and thioredoxin), which in turn results in disturbances of metabolism and signaling pathways in microorganisms. H 2 O 2 oxidized cysteine thiol groups of phosphatases in mitogen activated protein kinase (MAPK) pathways, which act in signaling response for various environmental stimuli. Late studies showed moreover change of gene expression, ROS have an essential role for resistance under oxidative stress by post-translational changes. Some of mitogen-activated protein kinase family includes extracellular signal-regulated kinases, JNK, and p38 play a role in cellular processes including proliferation, differentiation, and apoptosis regulated by ROS [45] [46] [47] .
Conclusion
ROS have two divergent functions in algae; in low concentration they are as signaling molecules that regulate cellular processes, whereas they cause damage to cellular components in high concentration. The balance between production and suppression of ROS disappears under stress condition. In order to avoid the oxidative damage, algae have a complex antioxidative defense system include of enzymatic and nonenzymatic components.
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